We elucidate the mechanism of a newly observed photovoltaic effect which occurs in ferroelectrics with periodic domain structures. Under sufficiently strong illumination, domain walls between regions of differing electrical polarization function as a nanoscale generators of photovoltaic current. The steps in the electrostatic potential function to accumulate electrons and holes on opposite sides of the walls while locally reducing the concentration of the oppositely charged carriers. As a result, the recombination rate adjacent to the walls is reduced, leading to a net diffusion current. In open circuit, photovoltages for periodically ordered domain walls are additive, as in a tandem solar cell, and voltages much larger than the bandgap of the material can be generated. Analysis of the internal quantum efficiency (IQE) for individual domain walls shows it can be surprisingly high and approaches 10% for photons of energy above the bandgap.
When BFO is grown epitaxially on insulating DyScO 3 by chemical vapor deposition, it spontaneously forms well aligned 71º and/or 109 º stripe FE domain structures [11] . The distance between the walls can be controlled between 50 and 300 nm by varying the film thickness. Here we used 71º and 109º wall samples where the in-plane polarization component varies in a zig-zag pattern showing a defined net polarization direction across the film. Pt contacts with a separation between 20 to 200 μm parallel to the domain walls were deposited on top of the thin film samples, as shown in Fig. 2 (a). For quantum efficiency (QE) measurements monochromatic light was generated either with band pass filters or a monochromator. External QE values were converted to internal QE using the reflectance and absorption spectra of the films. Although the films appear highly resistive at 300 K, elevated temperature thermopower measurements show that they are n-type.
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The above-bandgap PV effect in BFO thin films is illustrated in Fig. 2. (1) The effect is found only when the current flow is perpendicular to the aligned domain walls, Fig. 2 (a). For current flow parallel to the domain walls, only photoconductivity is observed [12] . (2) the present effect from effects attributed to impurity atoms, as these produce a PV response for below bandgap light [6] . The photocurrent is insensitive to the polarization of the incident light.
As we have accurate measurements of the periodic domain structure, it is possible to develop a microscopic 1D model of the PV effect to discern its origin. For the film whose J-V data is shown in Fig. 2 (b) the domain spacing, d D , and the domain wall width, d DW , 140 nm and 2 nm respectively [13] . Ab-initio calculations and scanning tunneling spectroscopy have suggested that the potential step at the wall, ΔΦ DW , is of the order of ten's of mV and the bandgap in the wall is lowered by about 20% (mainly lowering of the conduction band) [14] ,15].
We calculated the current density by numerically solving the coupled Poisson's equation and current continuity equations in 1D. Shockley-Read-Hall (SRH) recombination was assumed for non-equilibrium electrons and holes which recombine via mid-gap traps. Ohmic contact conditions were assumed at the ends of the device for the majority carriers (electrons). A finite difference method with non-uniform meshing was used to solve the problem self-consistently.
The periodic electrostatic potential steps are introduced with a ferroelectric polarization discontinuity ΔP where P is the net domain FE polarization, 53 μC cm -2 [16] . A ΔP = 0.08 P produces a potential step of ~80 mV for a wall width of 2 nm, using a static dielectric constant for BFO of 109.5 ε 0 . We assigned the band gap reduction in walls, ΔE g,DW , to the conduction band edge. In the dark, the electron spatial distribution follows the potential, as expected, Fig. 3 (a).
Electron and hole concentrations in short-circuit for a carrier generation rate G corresponding to the saturation illumination regime are shown in Fig. 3(b) along with the local recombination rate in Fig. 3(c) . Under strong illumination conditions, both electrons and holes are increased in concentration compared to the dark case. The domain wall potential causes electrons and holes to accumulate on opposite sides of the walls, while carriers of the opposite charge are depleted.
BFO has a wide gap so that the SRH recombination rate R can be written: (1)
For the carrier distributions shown in Fig. 3(b) , R has local maxima in the middle of the domains where n and p are similar and also in the domain walls; R decreases significantly near the walls due to depletion of holes on the left side of the wall and electrons on the right. As a result, the regions near the walls act as current sources (R<G) as non-equilibrium carriers diffuse against the drift direction toward the center of the domains. One side of the wall produces hole current and the other side produces electron current. In contrast, in the center of the domains, R> G and the hole and electron currents become equal. As shown schematically in Fig. 1(b) this forms the series connections that allows for current continuity and voltage additivity, as in a tandem solar cell. We simulated the evolution of V OC as a function of the number of periods, up to > 1000, and found it scales linearly.
Calculated V oc and J sc as a function of illumination intensity are shown as fits to experimental data in Fig. 2(c) . A background electron concentration of 2×10 11 cm -3 was assumed.
The electron and hole mobilities (L e , L h ) are 0.7 and 0.5 cm 2 V -1 s -1 , respectively, and lifetimes (~ We also explored the effect of key parameters on the magnitude of the PV effect, Figs.3(c) and (d) . Above a threshold value of ΔP/P, which corresponds to a potential step on the order of k B T at ambient temperature, V OC and J SC increase linearly with the magnitude of the potential step due to the creation of a higher blocking E-field in the wall. Conversely, a larger band gap reduction at the walls ΔE g,DW leads to smaller V OC and J SC by facilitating accumulation of non-equilibrium electrons and holes in the interior of the wall, where the recombination rate is high.
The essential aspects of the effect can be understood with an analytical model, considering the regions of reduced recombination at the domain walls as current sources. The short-circuit current then is given by
where IQE DW can be considered as the internal quantum efficiency due to a single domain wall.
The overall conductivity of the device, σ , which has contributions from dark and light conductivity, can be written as 
where τ captures the relationship between the excess carrier concentration and the generation rate averaged over the device. As we know from both experiment and the 1D modeling the linear J-V characteristics of the effect, namely (4)
As shown by the red solid lines in Fig. 2(c) , Eqs. (2) and (4) show excellent agreement with the model results using IQE DW = 0.11 and τ = 135 ps. Equation (4) predicts that V OC is a function of the overall conductivity of the device. We confirmed this by temperature-dependent measurements shown in Fig 3(d) . Lowering T from 345 to 230 K, which decreases the dark conductivity σ, increases the V OC by a factor of ~8. Similarly, two-color experiments using subbandgap illumination to increase photoconductivity result in a decrease in V OC .
The experimental IQE data shown in Fig. 2(d) can be analyzed in terms of the efficiency of a single wall. This is done by first multiplying by the number of domains between the contacts, as the domains add in series, and then by considering only the fractional width (L e +L h )/(d W + d domain ) of the actual current generating region. As shown by the right hand y-axis for Fig. 2(d) , the quantum efficiency for a single wall approaches 10% for above bandgap light.
Finally, we discuss the form of the IQE data, which rises monotonically from a threshold at the optical bandgap. This behavior shows that the PV effect is not weaker near the surface of the BFO due to surface recombination or screening of the FE fields by adsorbates, as this would be expected to produce a decrease in the IQE at higher photon energies. It is also notable that the IQE is similar for both 71º and 109º walls whereas the calculated ΔE g is larger for the latter case [14] . We think it likely that the effect is due to an increase in the width of the domain walls near the surface, as has been observed previously for LiNbO 3 and LiTaO 3 surfaces [18, 19] . Wider walls would allow for better charge blocking across the wall, further reducing the recombination rate.
We describe the origin of a new PV mechanism driven by the periodic potential structure formed by FE domains. The effect is due to charge separation at the walls, accumulating electrons (holes) on one side and depleting the other carrier. This locally reduces the recombination rate, so that the walls act as current sources. The IQE for this process within a diffusion length of the walls is on the order of 10%. Although we have found the effect in BFO, it should occur in any system with a similar periodic potential structure.
